In this paper, the results obtained in the methane decomposition reaction promoted by a Ni catalyst supported on MgAl 2 O 4 spinel are presented. The textural properties of the catalyst were investigated by X-ray diffraction (XRD), N 2 adsorption/desorption isotherms (BET and BJH methods), thermogravimetric (TGA) and temperature-programmed reduction (TPR) analysis. The influence of the operating conditions employed on the methane decomposition was studied. According to the results, it was found that a N 2 :CH 4 molar ratio of 7:1 and catalyst reduction temperature of 700
Introduction
Methane decomposition is a moderately endothermic reaction and, in general, only hydrogen is detected as the gaseous product. This process has been receiving increasing attention as an alternative route for the production of CO/CO 2 -free hydrogen [1, 2] . Unlike the conventional methods of hydrogen production from natural gas, i.e., methane steam reforming and methane partial oxidation, which produce a mixture of hydrogen and carbon oxides, the catalytic cracking produces hydrogen and solid carbon, thereby eliminating the necessity for the separation of hydrogen from the other gaseous products. This significantly simplifies the process, reduces overall CO 2 emissions and makes the method particularly attractive for fuel cell applications, where hydrogen is the preferred fuel [3, 4] . In addition, the decomposition of methane also results in the generation of a very important by product, nanocarbon materials (carbon nanotubes and nanofibers), that have been gaining considerable attention due to their excellent properties and potential applications [3] [4] [5] .
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catalysts [1, 6] . This metal has been supported over different materials (MgO, Al 2 O 3 , SiO 2 , TiO 2 , ZrO 2 , MgO·SiO 2 , H + -ZSM-5, USY, MCM-22, MCM-41, NiCuAl, LaNiO 3 ) and the effect these supports in the decomposition methane reaction has been examined [7] [8] [9] [10] [11] [12] [13] .
Magnesium aluminate spinel, MgAl 2 O 4 , is an important ceramic and refractory material with several applications in many industries due to its properties, such as high melting point, low thermal expansion, high resistance to chemical attack, good mechanical strength, low dielectric constant and excellent optical properties [14] [15] [16] [17] . However, the use of this material as a support for metallic catalysts is a relatively new application that has provided good results due to some of its attractive properties, such as low acidity, hydrophobic character, high thermal resistance and good interaction with the metallic phase, which are of interest for catalytic purposes [18] [19] [20] . We have recently shown that the magnesium aluminate spinel (MgAl 2 O 4 ) could be used as support of metals for the hydrogen production by direct decomposition of methane [21] . However, the use of this material as metal support for this specific reaction is scarce in the literature.
In the present work, the performance of Ni catalyst supported on MgAl 2 O 4 was investigated in direct decomposition of methane. The influence of the operating conditions N 2 :CH 4 molar ratio and catalyst reduction temperature employed on the methane decomposition was investigated. In addition, structure of carbons formed by the reaction was analyzed.
Experimental

Catalyst preparation
The MgAl 2 O 4 support was prepared as described by Foletto et al. [19] . In the preparation of the precursor, the following reactants were utilized: aluminum isopropoxide [(CH 3 ) 2 CHO] 3 Al and magnesium ethoxide (C 2 H 5 O) 2 Mg, both from Aldrich (purity >98%). This material was utilized as support in the preparation of nickel catalyst. For the precursor synthesis, two solutions 0.2 M of metallic alkoxides were prepared using alcohols as solvent. The first solution was prepared dissolving 62.8 g of aluminum isopropoxide (0.308 mol) in 1540 mL of isopropanol and the second one was prepared dissolving 12.56 g of magnesium ethoxide (0.110 mol) in 550 mL of methanol. Both solutions were mixed in a 5 L beaker then heated to methanol boiling point and under vigorous stirring it was added 330 mL of water. After adding water, the system was kept under heating and stirring for 3 h to complete the hydrolysis reaction. The formed material was separated from the alcohols by filtration and further dried in an oven at 120 • C for 24 h, resulting in a fine powder. This fine powder (mixture of Mg and Al hydroxides) was put in a 100 mesh sieve and calcinated in oxidizing atmosphere (air) at the temperatures of 700 • C, for 4 h, to form the spinel phase.
To obtain the Ni catalyst supported on MgAl 2 O 4 , nickel was impregnated through successive wet impregnations with aqueous solutions of nickel nitrate hexahydrate, where the nominal content of nickel in the catalyst was kept at 20% (in weight). The impregnation was carried out at 80 • C. Then, samples were dried in an oven for 4 h, followed by calcinations at 700 • C for 5 h in air.
Catalytic tests
The decomposition reaction of CH 4 was carried out in a quartztube fixed bed flow reactor (9 mm i.d.) heated by an electric furnace. Before reactions, the catalysts (100 mg) were reduced in situ in an H 2 stream at 550 • C/1 h and 3 h and 700 • C/1 h and 3 h, with a heating rate of 10 • C min −1 . The experiments were conducted under atmospheric pressure at 550 • C. The reaction gas was composed of N 2 and CH 4 at molar ratios of 1:1; 1:3; and 7:1 (N 2 :CH 4 ). The total flow rate of the reaction gas was 80 mL min −1 . The reactant and the product gases were analyzed with a Shimadzu GC-8A gas chromatograph, equipped with a thermal conductivity detector, a Porapak-Q column and a 5A molecular sieve column with Ar as the carrier gas. The N 2 in the reaction gas was used as a diluent and as an internal analysis standard. In this study, the catalytic activity was evaluated in terms of methane conversion.
Catalysts characterization
The X-ray diffraction (XRD) measurements were taken with a PanAnalytical X'pert PRO Multi-Purpose Diffractometer using Cu K␣ radiation ( = 1.5418Å) operating at 45 kV and 40 mA. The structural characterization obtained from the XRD data, including the average crystallite size and microstrain determination, were carried out using the GSAS + EXPEGUI program package [22, 23] , crystallographic information contained in the ICSD database [24] and the Rietveld method. Both the size and microstrain (lattice distortions) of a crystal cause XRD line broadening, and thus the profile function used in this study (number 4 in GSAS + EXPEGUI package) was a convolution of a pseudo-Voigt and asymmetry function, which also uses the microstrain broadening description of Stephens [25] . The XRD pattern line-widths were used to obtain the average size of the crystallites (L) and the microstrain ( ) using the formalism shown in Stephens [25] , taking into account the instrumental broadening measured with a Y 2 O 3 standard sample. In each case, background parameters, phase fractions, peak shape parameters, cell parameters and sample position shift were refined before variation of further structural parameters. Isotropic dislocation (thermal) parameters were refined for all the atoms.
Samples were characterized by N 2 adsorption/desorption isotherms obtained at the temperature of liquid nitrogen in an automated physisorption instrument (Autosorb-1C, Quantachrome Instruments). Prior to the measurement, the samples were outgassed under vacuum at 200 • C for 2 h. Specific surface areas were calculated according to the Brunauer-Emmett-Teller (BET) method and the pore size distributions were obtained according to the Barret-Joyner-Halenda (BJH) method.
Temperature-programmed reduction (TPR) analysis was performed to determine the reducible species present at the surface of the catalyst and the temperature at which these species are reduced by H 2 consumption. TPR was carried out with Micromeritics Chemisorb 2705 equipment, using 50 mg of catalyst and a temperature ramp from 25 to 1000 • C at 10 • C min −1 . A 30 mL min −1 flow rate of 5% H 2 /N 2 was used.
The thermogravimetric analysis (TGA) was carried out in SDT 2960 thermobalance TA Instruments analyzer in Pt crucibles. The analysis was carried out under airflow of 50 mL min −1 on heating from room temperature to approximately 900 • C with a heating rate of 10 • C min −1 and at the latter it was carried out under airflow of 1.67 mL min −1 on heating from room temperature to approximately 900 • C with a heating rate of 5
The morphology of the carbon-containing materials was examined by scanning electron microscopy (SEM) using a Philips XL30 scanning microscope operating at an accelerating voltage of 20 kV. Transmission electron microscopy (TEM), with a JEM-1011 microscope operating at an accelerating voltage of 120 kV and Raman spectroscopy obtained on a Raman spectrometer (Renishaw -RGH22) with an Ar laser at a wavelength of 514.5 nm. phase agrees with the value of 342Å for the sample produced from the mixture of aluminum and magnesium hydroxides and calcined at 1100 • C [19] . Fig. 2 shows the N 2 adsorption/desorption isotherms and pore size distribution of the Ni/MgAl 2 O 4 sample. The curves presented in Fig. 2 are type-III (IUPAC). This type of isotherm has the characteristics of a system where the adsorbate molecules have a stronger interaction with each other than with the solid [28] . The profile of the pore size distribution (see insert in Fig. 2) indicates the predominance of mesopores. The surface area was 26.2 m 2 g −1 and pore volume of 0.126 cm 3 g −1 . Fig. 3 shows the temperature-programmed reduction (TPR) curve for the Ni/MgAl 2 O 4 sample, where two peaks can be observed 
Methane decomposition over Ni/MgAl 2 O 4 catalyst
In order to investigate the catalytic activity of the Ni/MgAl 2 O 4 catalyst, the methane decomposition reaction was carried out. Fig. 4 shows the catalyst behavior with different N 2 :CH 4 molar rations as a function of the reaction time.
The results showed an increase in the average methane conversion values with an increase in the N 2 :CH 4 molar ratio. Under a feed flow condition with the methane most diluted the catalyst gave the highest average conversion value (31%) and the highest initial catalytic activity (37%). On the other hand, when the methane was very concentrated in the reaction feed flow, that is, using N 2 :CH 4 in molar ratios of 1:1 and 1:3, the catalyst gave lower conversion values, not exceeding 18%. This behavior may be due to the amount of active sites present in this catalyst not being sufficient to convert all of the reactive molecules in contact with the catalytic surface because of the increase in the reaction feed flow mixture concentration. Thus, a given amount of reagent would pass through the catalytic bed without undergoing any kind of effective interaction with the catalytic surface, remaining at higher concentrations in the reaction effluent, causing lower methane conversion values. Moreover, in all tests, an ongoing catalytic deactivation until a total loss of activity, at 240 min of reaction for a N 2 :CH 4 molar ratio of 7:1, at 260 min of reaction for a N 2 :CH 4 molar ratio of 1:1 and at 150 min for reaction of a N 2 :CH 4 molar ratio of 1:3, was observed. However, the catalyst with a N 2 :CH 4 molar ratio of 1:3, presented the lowest catalytic activity, not exceeding 12%. This is mainly due to the more extreme working conditions where the formation of carbonaceous materials is favored, giving rise to the surface blocking of the active site [30] . During the catalytic decomposition reaction, methane molecules are initially adsorbed (with dissociative adsorption) and decomposed on the metal surface of the catalyst particle, resulting in the formation of chemisorbed carbon species and the release of gaseous hydrogen; the carbon species then dissolve and diffuse through the bulk of the metal particle. Deactivation occurs when the rate of carbon diffusion through the metal catalyst particle is slower than the rate of carbon formation at the surface of the active metallic sites. Under these circumstances, carbon builds up at the catalyst surface and eventually encapsulates the metal particle causing activity loss [30, 31] . In all of the tests, catalytic deactivation was observed, except when the catalyst was submitted to the reduction process at 550 • C/1 h. According to the results, it can be observed that the tests carried out with the activated catalyst at 700 • C/1 h gave higher average values for the CH 4 conversion (31%) and a greater initial catalytic activity (37%) compared with the catalyst which underwent reduction at 550 • C/1 h and 550 • C/3 h. The higher reduction temperature may have favored the reduction in reducible species leaving the active phase more available for catalytic activity. The catalyst reduced at 700 • C/3 h showed a rapid and gradual decrease in catalytic activity, with lower average methane conversion values (11%) and shorter reaction time, not exceeding 130 min. This finding may be related to the possibility that this catalyst underwent sintering due to the activation time and temperature, which leads to the active phase being less accessible to the flow of reagent which passes through the reactor bed and thus not converting these regent molecules into carbon and hydrogen products. The catalyst reduced at 550 • C/1 h presented an average methane conversion of 12%, which remained almost constant until the end of the reaction (300 min). It is probable that the reduction condition employed was not sufficient for the effective activation of the catalytic sites. The catalyst reduced at 550 • C/3 h presented initial catalytic activity of around 24% of the CH 4 conversion and total loss of activity at 280 min of reaction. 
Characterization of deposited carbons
TGA is a very powerful technique for determining the quality of the synthesized CNTs due to differences in oxidation stability and degree of graphitization. It appears that various types of carbon such as amorphous carbon and CNT possess different oxidation temperatures and can be distinguished using the TGA technique [32] . Results of mass loss determined from the thermogravimetric curves (not shown here) of the Ni/MgAl 2 O 4 catalyst after the catalytic tests under all operational conditions studied in this work are shown in Table 1 .
The thermogravimetric analysis of the Ni/MgAl 2 O 4 catalyst after the catalytic tests at 550 • C showed a mass loss in the region of 546-625 • C. It can be observed for entries 1, 3, 5 and 6 that there was a mass loss of 66% at 625 • C and 600 • C, 55% at 625 • C and 79% at 607 • C, respectively. The mass loss of this material at above 600 • C can be attributed to the MWNTs [31, 33] . It can also be noted from entry 3 that there was a mass loss of 3% at 250 • C, which can be attributed to amorphous carbon which decomposes at temperatures below this value. In the case of entries 2 and 4, there was a mass loss of 86% at 586 • C and 4% at 546 • C. This may be associated with small amounts of amorphous particles in the nanotubes, the influence of metal particles and/or defects on the surface of the nanotubes. These factors can affect the temperature at which the maximum decomposition rate occurs. It can be concluded that in any of the operational conditions employed, the formation of material more steady as the CNTs occurs [34] [35] [36] [37] .
The SEM and TEM characterizations of the carbon-containing materials after the CH 4 reaction are shown in Fig. 6 . The SEM image presented in Fig. 6a shows the Ni/MgAl 2 O 4 sample before of the catalyst tests. The images obtained in the SEM (Fig. 6b and c) and TEM ( Fig. 6d-f ) analyses show that after the catalytic tests there were modifications on the catalyst surface due to the deposition of carbonaceous material. These images suggest that different carbon species were formed according to the feed flow of the reaction and variations in the reduction temperature and time, with a significant formation of CNTs. The formation of carbon nanotubes with a diameter of approximately 40 nm can be clearly observed in Fig. 6d . It was identified that besides the deposition of carbon in the form of CNTs there was the presence of fibers and irregular agglomerations, as observed in Fig. 6e and f, respectively. The results show that there was the preferential formation of carbon nanotubes in the case of the Ni/MgAl 2 O 4 catalyst in the decomposition reaction with higher molar ratios (N 2 :CH 4 = 7:1). This result may explain, or at least be related to, the greater stability of the catalyst under this experimental condition. For the catalyst in the decomposition reaction with lower molar ratios (N 2 :CH 4 = 1:3), besides the nanotubes, the formation of carbon agglomerations and nanofibers was identified, which may favor catalytic deactivation. The images in Fig. 6d-f show some black points which may be attributed to the nanoparticles of Ni and/or amorphous carbon, which were involved and deposited on the walls of carbon nanotubes. Similar behavior has been described by Hsieh et al. [38] , Zhou et al. [39] and Guevara et al. [40] , employing metal and bimetal catalysts of Pt, Pt-Ni(Fe, Co) and Ni-Ce, respectively.
Conclusions
The results indicated that the Ni/MgAl 2 O 4 sample is composed by nanometric crystallites of MgAl 2 O 4 spinel phase (85 wt.%), NiO phase (12 wt.%) and Al 2 O 3 (3 wt.%). It was observed that the catalytic performance, activity and stability, are dependent on the operational conditions employed. According to the results, the best conditions for methane decomposition were N 2 :CH 4 molar ratio of 7:1 and reduced temperature of 700 • C/1 h, at reaction temperature of 550 • C. The results here obtained also show that the Ni/MgAl 2 O 4 catalyst is effective for the production of carbon nanotubes.
